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HIF-1 is a heterodimeric transcription factor consisting of two subunits, i.e, HIF-1␣ and HIF-1␤. HIF-1␣ is induced during hypoxic (or inflammatory) conditions, while HIF-1␤ [also known as aryl hydrocarbon nuclear translocator (ARNT)] is constitutively expressed (26, 29, 51) . Under normoxic conditions, the oxygen sensor proteins (prolyl hydroxylases or PHDs) and the factor inhibiting HIF-1 (FIH) are active in the degradation (hydroxylation) of HIF-1␣. On the other hand, hypoxia inhibits activity of PHDs, resulting in activation of HIF.
Although tissue ischemia is the primary instigator of HIF activation, a number of inflammatory factors/pathways and oxidative stress can potentially induce expression of HIF-1␣. Elevated inflammatory cytokines [e.g., interleukin-1␤ (IL-1␤) and tumor necrosis factor (TNF-␣)], prostaglandin E 2 (PGE 2 ), placental growth factor (PIGF), nuclear factor-B (NF-B) activation, and oxidants are implicated not only in inflammatory pathophysiology of human SCD and transgenic sickle mice, but also in HIF-1␣ activation (11, 31, 33, 38, 44, 47, 55, 60) . Among the sources of oxidative stress in SCD and transgenic sickle mice are reperfusion injury, plasma membrane NADPH oxidase (59), increased plasma xanthine oxidase (2), endothelial NO synthase (eNOS) decoupling (28) , hemoglobin autoxidation (23) , and decreased bioavailability of NO (48) .
NO is implicated as a signaling molecule affecting activity of PHDs and HIF-1␣ expression (8) . However, the effect of NO depletion and its replenishment has not been examined under inflammatory conditions in the sickle context. In human SCD and sickle mouse models, intense oxidative stress, hemolysis, and depleted arginine (substrate) levels are implicated in reduced NO bioavailability and inflammatory effects (20, 35, 36, 48) . Oxidative stress is significantly alleviated by arginine (13) , and NO donors can ameliorate reperfusion injury (27) . In contrast, NO synthase inhibitors result in marked inflammation (13, 37) .
We hypothesize that, in SCD, chronic inflammation and NO depletion will result in HIF-1␣ activation. To this end, we have examined the expression of HIF-1␣ in transgenic-knockout sickle (BERK) mice expressing exclusively human ␣-and ␤ Sglobins. BERK mice exhibit increased oxidative stress, inflammation, hemolysis, and reduced NO bioavailability (12, 35) . Notably, BERK mice show induction of non-NO vasodilator enzymes [HO-1 and cyclooxygenase-2 (COX-2)], and elevated PGE 2 levels as noted for human SCD (6, 35, 36) . COX-2 is induced under inflammatory conditions, and is linked to activation of HIF-1␣ (55) . Induction of non-NO vasodilators in BERK mice is associated with vasodilation and increased blood flow for optimal oxygen delivery in the face of anemia (35) . Similarly, human SCD is characterized by hyperperfusion and reduced peripheral resistance (7, 39) .
We have previously shown that, in BERK mice, oxidative stress and inflammation are significantly ameliorated with the introduction of antisickling fetal hemoglobin (HbF), and with arginine treatment, which markedly reduce hemolysis and increases NO bioavailability (35, 36) . Importantly, increased NO bioavailability leads to marked reduction in HO-1, COX-2 expression, and plasma PGE-2 levels in these mice (35, 36) . These observations have prompted us to explore the antiinflammatory effects of HbF on the expression of HIF-1␣ and its microvascular and hemodynamic consequences using BERK mouse model.
In the present studies, we have used BERK mice to resolve the following issues: 1) whether the reported oxidative stress and inflammation in BERK model result in the activation of HIF-1␣ under normoxic conditions; 2) given that anti-sickling HbF results in decreased oxidative stress and inflammation, does it affect HIF-1a expression?; 3) what are the microvascular and hemodynamic consequences of HIF-1␣ expression and its inhibition?; and 4) does the level of NO bioavailability correlate with HIF-1␣ expression? We have used two approaches: 1) in vivo studies in transgenic-knockout sickle (BERK) mice expressing varying levels of HbF (i.e., Ͻ1%, 20%, and 40%); and 2) arginine treatment of normoxic BERK mice to ascertain the role of NO.
The present study reveals HIF-1␣ expression in normoxic BERK mice, which are characterized by chronic inflammation. Importantly, we show that HIF-1␣ expression decreases commensurate with an increase in NO bioavailability as a consequence of increase in HbF levels. Arteriolar dilation, enhanced volumetric blood flow and low blood pressure, observed in normoxic BERK mice, all show a trend toward normalization with the introduction of HbF. Also, arginine supplementation of normoxic BERK mice, which are arginine deficient, reduces HIF-1␣ expression, supporting a role of NO in modulation of HIF-1␣ expression under inflammatory conditions.
MATERIAL AND METHODS

Sickle Mice
Transgenic-knockout sickle (BERK) mice, expressing exclusively human ␣-and ␤ S -globins and generated by Paszty et al. (46) , were bred at Albert Einstein College of Medicine as described (46, 49) . C57BL/6J mice were used as controls. BERK mice were backcrossed for eight or more generations with C57BL/6J mice. BERK mice exhibit several features of human SCD, i.e., hemolysis, reticulocytosis, low hematocrit, and extensive multiple organ damage (46, 49) .
Two different ␥-constructs generated by Gilman et al. (18) (␥M and ␥H) as previously described were used for generation of HbF expressing BERK␥M and BERK␥H mice. The ␥M (G203) construct was identical to the ␥H construct except that it included a PCR-generated 4.3-kb fragment (HumHBB 912 to 5200) containing HS 3 and 4 of the LCR instead of HS4. Injection of these constructs into fertilized mouse oocytes resulted in production of several founder mice. To breed mice on a day-to-day basis the following schemes are used: 1) the BERK␥H mice (␥H construct) breed successfully with each other; 2) for BERK␥M (␥M or G203 construct) mice, fully knocked out healthy females expressing neutral hemoglobins such as HbA (miniLCR A ) (Hba 0 //Hba 0 Hbb 0 //Hbb 0 ) or HbC and a BERK␥M male in which the ␥M is hemizygous were used. The globin composition in adult transgenic-knockout mice used for experimentation was determined by HPLC as described (16) . The percent HbF was calculated as the percent of all ␤-like chains. Mice were maintained in a pathogenfree facility at Albert Einstein College of Medicine. These knockout mice were extensively backcrossed (an average of 8 generations) onto C57BL/6J background.
All experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Albert Einstein College of Medicine. To determine the effect of HbF, we used normoxic BERK mice (4 -6 mo old) expressing Ͼ1.0%, ϳ20%, and ϳ40% HbF (termed BERK, BERK␥M, and BERK␥H mice, respectively). Hematological characteristics of these mice have been described (16, 35) . Control C57BL mice were maintained on a standard diet and water ad libitum. Sickle mice were maintained on "sickle chow" developed by Paszty et al. (46) without added arginine (Purina Mills, St. Louis, MO). In another series of experiments, BERK mice were supplemented with 5% arginine in mouse chow (Harlan Teklad, Madison, WI) for 15 days and comparisons were made with parameters measured in untreated BERK mice.
Western Blots
HIF-1␣ expression was detected by Western blotting in rapidly excised whole cremaster muscle preparation and its cytoplasmic and nuclear extracts. Nuclear and cytoplasmic extracts were prepared using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotechnology, Rockford, IL) according to manufacturer's instructions. Lysates were prepared using a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN), and protein concentration determined at 320 nm. Western blots were performed using 7.5% SDS-PAGE (HIF-1␣) and 10% SDS-PAGE (HO-1 and VEGF). The membranes were incubated in blocking buffer with antibodies to HIF-1␣ (Chemicon International, Temecula, CA; 1:500), HO-1 (Stressgene, Victoria, BC, Canada; 1:3,000), and VEGF (R&D Systems; 1:1,000) . Incubation with a primary antibody was followed by horseradish peroxidase-conjugated secondary antibody, as described (36) . To ascertain equal loading of samples, the stripped membranes were reincubated for 1 h with goat anti-actin antibody followed by incubation with anti-goat IgG-horseradish peroxidase secondary antibody. The specific proteins were detected by enhanced chemiluminescence (ECL, Dupont, Wilmington, DE). The protein bands on the developed film were scanned and quantified by ImageQuant TL 7.0 software (GE Healthcare Biosciences, Piscataway, NJ).
Endothelin-1 (ET-1) Immunoassay
Serum endothelin-1 (ET-1) levels were monitored in C57BL, BERK, BERK␥M, BERK␥H, and arginine-treated BERK mice. The samples were measured in duplicate using the mouse-reactive Quantikine ET-1 Immunoassay kit (R&D Systems, Minneapolis, MN) according to manufacturer's instructions as described (50) . This assay employs the quantitative sandwich enzyme immunoassay technique. Using the Quantikine immunoassay kit, the lower limit for detection for ET-1 ranges from 0.031 to 0.207 pg/ml (mean ϭ 0.087 pg/ml).
Microcirculatory Studies
Mice were anesthetized intraperitoneally with 10% urethane and 2% ␣-chloralose in saline (5 ml/kg), and tracheostomized and the left carotid artery was cannulated for monitoring arterial pressure. In vivo microcirculatory observations were made in the transilluminated open cremaster muscle preparation, prepared according to the method of Baez (4) as modified for the suffusion and maintenance for the mouse preparation (34) . Briefly, the preparation was suffused with a bicarbonate Ringer's solution (mmol/l: 135.0 NaCl, 5.0 KCl, 27.0 NaHCO 3, and 0.64 MgCl2, and 11.6 glucose), pH of the solution adjusted to 7.35-7.4 by continuous bubbling with 94.6% N2 and 5.4% CO2 and osmolarity adjusted to 330 mOsm, which is comparable to that of mouse plasma (10) . The temperature of the solution (flow rate, 5-6 ml/min) was maintained at 34.5-35°C, and monitored by a telethermometer (YSI, Yellow Springs, OH). Microscopic observations were carried out using a Nikon microscope (model E400; Morrell Instrument, Melville, NY) equipped with a Dage-MTI CCD television camera (model CCD-300T-RC, Dage-MTI, Michigan City, IN) and a Sony U-matic video recorder (model VO9600; Sony, Teaneck, NJ).
Microvascular parameters were measured on-line after 45-min stabilization of the open cremaster muscle under constant suffusion with Ringer's solution. Vessel luminal diameter (D) was measured on-line in A2 and A3 arterioles using an image-shearing device (model 907, Instruments for Physiology and Medicine, San Diego, CA). Wall shear rates and volumetric blood flow (Q) were calculated from vessel diameters and mean flow velocity (centerline red blood cell velocity/1.6) as described (35) .
Arterial Hemoglobin Oxygen Saturation (SpO 2)
Arterial hemoglobin oxygen saturation (SpO 2) was monitored using Ohmeda oximeter and oxytip probe (model 3770; Ohmeda, Madison, WI). Oximeter probe was placed on the thigh. Before the probe was placed, the thighs were shaved and thoroughly cleaned with isopropyl alcohol and gauze pad. Measurements were made in both right and left thighs of mice and the values from both the thighs were averaged.
Measurement of Intravascular Sickling, Hemolysis, and Plasma NO Metabolites (NOx)
To determine intravascular sickling, blood samples were drawn from the tail vein into airtight syringes containing 2.5% glutaraldehyde solution in 0.1 mol/l cacodylate buffer, pH 7.4 as described (12) . For plasma free hemoglobin, blood samples were drawn from the abdominal aorta, and determinations made using a tetramethyl-benzidine-based assay kit (Catachem, Bridgeport, CT) that measures plasma free hemoglobin and other heme-containing proteins present in plasma. Hematocrit (Hct) was measured using microhematocrit centrifuge (MicroHematocrit, Damon/IEF Division, Needham Heights, MA). Total NOx concentration in plasma was determined by nitrate/nitrite colorimetric assay kit (Cayman Chemical, Ann Arbor, MI) using manufacturer's instructions.
Statistical Analysis
Comparisons were made using Student's t-test. Where tests for normality failed, or Bartlett's test for homogeneity of variance showed significant difference in the standard deviations, nonparametric tests such as Kruskal-Wallis test for ANOVA or the Wilcoxon two-sample test were used. P Ͻ 0.05 was considered significant. Regression analysis was done using linear model Y ϭ a ϩ b X . Statistical analysis was performed using Statgraphics plus 5.0 program for Windows (Manugistics, Rockville, MD). Plasma NOx calculation was performed using the analysis spread sheet provided by Cayman Chemical at http://www.caymanchem.com/app/template/Home.vm.
RESULTS
Arterial Hemoglobin Oxygen Saturation (%SpO 2 )
Arterial hemoglobin oxygen saturation (%SpO 2 ) showed no significant differences among normoxic C57BL mice (n ϭ 4) and BERK mouse lines expressing varying levels of HbF (nϭ4 -6; %SpO 2 range: 96.3-97.8) ( Table 1) . These values are comparable with %SpO 2 values reported for normoxic mouse (30) . Previous studies have shown that %SpO 2 is a valid predictor of %hemoglobin oxygen saturation (%HbO 2 ) as it shows high correlation with %HbO 2 (3, 40, 45) .
Expression of HIF-1␣ in Normoxic Transgenic-Knockout Sickle (BERK) Mice
Western blotting of cytoplasmic and nuclear extracts of rapidly excised cremaster muscle from normoxic BERK mice showed distinct bands of HIF-1␣ in cytoplasmic and nuclear extracts (Fig. 1A) . In contrast, control C57BL showed weakly positive bands. HIF-1␣ expression in cytoplasmic and nuclear extracts of BERK mice showed average increases of 1.6-and 2.3-fold, respectively, compared with C57BL mice (P Ͻ 0.05 and P Ͻ 0.01, n ϭ 4 each; Fig. 1A ), suggesting translocation of the HIF-1 dimer to the nucleus. These findings show that HIF-1␣ is expressed in BERK mice under normoxic conditions.
The induction of HIF-1␣ in normoxic BERK mice was associated with upregulation of VEGF, a target molecule for HIF-1␣ (Fig. 1B) . Furthermore, HIF-1␣ activation and hemolysis in normoxic BERK mice was accompanied by marked upregulation of HO-1, a vasodilator enzyme (Fig. 1C) , which is in accord with our previous studies (39) . In contrast, normoxic control C57BL revealed weakly positive or no expression of VEGF and HO-1 (Fig. 1, B and C) .
Introduction of Fetal Hemoglobin (HbF) in BERK Mice Decreases HIF-1␣ Expression
Next, we investigated if inhibition of sickling by genetic manipulation to enhance antisickling HbF levels in BERK mice will have a modulating effect on HIF-1␣ expression. To this end, we performed Western blotting of whole cremsater lysates to examine the effect of HbF on expression of HIF-1␣ in BERK mice expressing varying levels of HbF, i.e., BERK (Ͻ1% HbF), BERK␥M (20% HbF), and BERK␥H (40% HbF).
Western blots and densitometric analysis (Fig. 2, A and B) of the whole cremaster lysates of normoxic BERK mice showed a 2.8-fold increase in HIF-1␣ expression (P Ͻ 0.003 vs. C57BL, n ϭ 4 each). As shown in Fig. 2, A and B , increasing the expression of HbF in BERK mice resulted in a progressive 
HIF-1␣ Reduction Is Associated with Decreased Expression of HO-1 and VEGF, and Reduced ET-1 Levels
Normoxic BERK mice showed Ͼ3-fold increase in HO-1 expression compared with C57BL mice (P Ͻ 0.0001, i ϭ 4 each; Fig. 3, A and B) . With increase in HbF levels to 40% in BERK␥H mice (n ϭ 5), HO-1 expression was reduced as compared with BERK mice (Fig. 3, A and B) as evidenced by an average 66% decease (P Ͻ 0.001; Fig. 3C ), suggesting an inhibitory effect of decreased HIF-1␣ expression, reduced intravascular sickling, and hemolysis (Table 1) . Also, the marked 5.3-fold increase observed in VEGF expression in normoxic BERK mice as compared with C57BL mice (P Ͻ 0.0001, n ϭ 3), showed a distinct ϳ57% decrease that correlated with reduced HIF-1␣ expression in BERK␥H mice (40% HbF) (P Ͻ 0.0001 vs. BERK, n ϭ 3 each) (Fig. 4) .
Serum levels of ET-1, another target vasoactive molecule of HIF-1␣, were elevated by 2.3-fold in normoxic BERK mice compared with C57BL controls (P Ͻ 0.0001, n ϭ 3 each) (Fig. 5) . With increase in HbF levels to 20% (BERK␥M) and 40% (BERK␥H), the corresponding ET-1 levels showed significant ϳ26% and ϳ40% decreases compared with normoxic BERK mice (P Ͻ 0.01 and P Ͻ 0.0005).
Microvascular Parameters
Arteriolar diameters. In accord with our previous studies (36), BERK mice (n ϭ 5) showed a pronounced ϳ50% dilation of cremasteric arterioles (branching orders: A2 and A3) compared with control C57BL mice (n ϭ 6) (P Ͻ 0.001, Fig. 6A ). Increasing the HbF levels resulted in a progressive decrease in arteriolar diameters in BERK␥M and BERK␥H mice (n ϭ 4 each) with BERK␥H (40% HbF) mice showing maximal decrease in the diameter (P Ͻ 0.0001 vs. BERK mice); the arteriolar diameters in BERK␥H mice were not significantly different from those in control C57BL mice (Fig. 6A) .
Microhemodynamic parameters. The effect of HbF on microvascular flow parameters was examined in A2 arterioles. BERK mice (n ϭ 5) showed 40% decrease in the wall shear rate compared with C57BL mice (n ϭ 6) (P Ͻ 0.023) (Fig.  6B) . In contrast, the progressive reduction in A2 diameters in BERK␥M and BERK␥H mice (each n ϭ 4) resulted in marked 43% and 69% increases in the wall shear rate, respectively, compared with BERK mice (P Ͻ 0.022 and P Ͻ 0.012) (Fig.  6B) . As previously reported (36) , BERK mice showed greater than 2-fold increase in volumetric blood flow (Q) in A2 arterioles compared with C57BL mice (Fig. 6C) . In marked contrast, Q showed a progressive decrease in BERK␥M and BERK␥H mice with the latter showing ϳ40% reduction compared with BERK mice (P Ͻ 0.01). Importantly, the resulting wall shear rates and Q in BERK␥H mice were not significantly different from those for C57BL mice.
Mean arterial pressure (MAP). As shown in Fig. 7 , the arteriolar dilation in BERK mice was associated with a marked decline in MAP (67.8 Ϯ 2.3 vs. 109.2 Ϯ 2.9 mmHg in C57BL; P Ͻ 0.00001). In contrast, the decrease in A2 and A3 arterioles (resistance vessels) in BERK␥M and BERK␥H mice was accompanied by a progressing increase in MAP, with BERK␥H mice showing MAP values of 97.3 Ϯ 2.3 mmHg (P Ͻ 0.0001 vs. BERK mice).
Correlates of HIF-1␣ Expression
The data from the present experiments show that increasing HbF levels in BERK mice were associated with decreased intravascular sickling and hemolysis (plasma Hb levels) (Table  1) , as also noted in our previous studies (12) . HIF-1␣ expression showed a strong correlation with plasma Hb levels (r 2 ϭ 0.97, P Ͻ 0.015). Importantly, linear regression analysis revealed a strong relationship between plasma NOx levels and HIF-1␣ expression (Fig. 8 ) as HIF-1␣ expression level decreased commensurate with an increase in plasma NOx levels in BERK␥M and BERK␥H mice. Thus, 2.8-fold higher HIF-1␣ expression in normoxic BERK mice (Ͻ1.0% HbF) compared with C57BL mice is associated with lower plasma NOx levels (3.7 Ϯ 0.2 vs. 16.0 Ϯ 0.9 mol in C57BL), while 43% decrease in HIF-1␣ expression in BERK␥H (40% HbF) mice are accompanied by higher NOx levels (10.4 Ϯ 0.4 mol).
Arginine Reduces HIF-1␣ Expression in BERK Mice
Since increased NOx levels in BERK expressing HbF were associated with reduced HIF-1␣ expression and because BERK mice show decreased plasma arginine levels (36), we examined if promoting NO production in BERK mice by arginine supplementation would lead to a similar effect on HIF-1␣ expression. As shown in Fig. 9A , BERK mice treated with 5% arginine in mouse chow (15 days) showed a significant Ͼ30% reduction in HIF-1␣ expression (P Ͻ 0.04 vs. untreated BERK control, n ϭ 4 each), indicating an attenuating effect of increased NO bioavailability on HIF-1␣ expression. Moreover, the reduced HIF-1␣ expression was associated with ϳ30% decrease in VEGF expression (P Ͻ 0.4, n ϭ 3 each, Fig. 9B ). Of relevance are our previous findings showing upregulation of plasma NOx levels and downregulation of HO-1 in BERK mice with arginine treatment (36) .
DISCUSSION
The present study demonstrates that HIF-1␣ is expressed in normoxic transgenic-knockout sickle (BERK) mice at normal arterial HbO 2 saturation. This finding is novel in the context of SCD but not totally unexpected as sickle patients and BERK mice show marked inflammation that is implicated in the activation of HIF-1␣ under normoxic conditions (26, 55) . Second, in BERK mice, HIF-1␣ expression decreases concomitantly with increasing HbF, commensurately with increased NO bioavailability, and shows a strong inverse correlation with plasma NO metabolites (NOx) levels. Third, we show amelioration of vasodilation and a trend toward normalization of hemodynamic parameters in BERK mice expressing HbF. Finally, the results show that arginine treatment of normoxic BERK mice (deficient in arginine substrate) reduces HIF-1␣ expression by increasing NOx production.
We show that HIF-1␣ expression in normoxic BERK mice is associated with induction of VEGF, HO-1, and elevated serum ET-1 levels. Upregulation of HO-1, a vasodilator enzyme, is consistent with previous observations in BERK mice (6, 36) . These observations are also consistent with the reported upregulation of VEGF and HO-1 in sickle patients (22, Fig. 4 . Effect of HbF on VEGF expression in normoxic BERK mice. Western blots of whole cremaster muscle lysates showed markedly reduced VEGF expression in BERK␥H mice. Fig. 5 . Effect of HbF on serum ET-1 levels in normoxic BERK mice. ET-1 levels showed marked 2.3-fold increase in BERK mice, which was significantly reduced in BERK␥M and BERK␥H mice. *P Ͻ 0.0001 vs. C57BL; ϩP Ͻ 0.01-0.0005 vs. BERK. 32, 42) . While VEGF induction has long been associated with hypoxia and HIF-1␣ activation (52, 53) , HO-1 is induced in response to HIF-1␣ activation, hemolysis, and oxidative stress (43) . The elevated levels of ET-1 in BERK mice are reminiscent of higher ET-1 levels encountered in sickle patients particularly during painful vaso-occlusive episodes (21) .
We propose that the observed activation of HIF-1␣ in normoxic BERK mice is plausibly a consequence of intense oxidative stress and inflammation in these mice. There is overwhelming evidence of intense oxidative stress and inflammation in BERK mice. The intense oxidative stress in BERK mice is evidenced by increased superoxide (O 2 ·Ϫ ) generation, extensive peroxidation of membrane lipids, peoxynitrite (NOO Ϫ ) formation, and a depletion of antioxidants, including glutathione (GSH), superoxide dismutase (SOD), catalase and glutathione peroxidase (GPx) (12) . Furthermore, along with oxidative stress, elevated inflammatory cytokines, as reported in sickle patients and transgenic sickle mice and mentioned in the introduction, are implicated in the activation of HIF-1␣ under normoxic conditions (17, 33) . Inflammatory cytokines can mediate upregulation of HIF-1␣ via an NF-kB/COX-2/ PGE 2 pathway independent of hypoxia (26, 33, 55) . In fact, COX-2 expression and PGE 2 levels are markedly elevated in BERK mice (36) .
We have previously shown that intense oxidative stress, COX-2/PGE 2 upregulation, and inflammation in BERK mice are markedly reduced by antisickling HbF and increase in NO bioavailability (12, 13, 35, 36) . The present studies show that the expression of HIF-1␣ and its vasoactive biomarkers such as VEGF, HO-1, and ET-1 is significantly reduced in BERK mice expressing antisickling and anti-inflammatory HbF. HbF also reduces endothelial NO synthase expression in BERK mice as previously shown using Western blotting and immunohistochemistry (35, 36) . Also, in agreement with our previous studies (12), we find that increasing HbF levels in BERK mice are associated with decreased intravascular sickling and hemolysis (plasma Hb levels), while increased NOx levels (see Table 1 ) are likely the result of reduced hemolysis and oxidative stress (2, 48) . Moreover, we find a strong correlation between HIF-1␣ expression and plasma NOx levels in normoxic BERK mice expressing HbF, i.e., the higher the NOx levels the lower the HIF-1␣ expression (see Fig. 8 ). We have previously shown that a decrease in hemolysis and oxidative stress in BERK mice expressing HbF or by arginine supplementation is associated with increased NO bioavailability and markedly reduced inflammation (12, 36) , suggesting a relationship between NO bioavailability and inflammation in SCD. The anti-inflammatory effect of HbF in BERK mice is comparable to that observed in sickle patients, treated with hydroxyurea, a standard current therapy to raise the level of antisickling HbF (9, 56) . Also, in BERK mice, introduction of HbF significantly reduces global oxidative stress accompanied by marked threefold decrease in peripheral leukocyte counts (i.e., from 35,064 Ϯ 3,255 counts/l in BERK mice to 11,542 Ϯ 1,085 counts/l in BERK␥H mice) (12) , demonstrating a pronounced anti-inflammatory effect of HbF. Taken together, these findings indicate that increased NO bioavailability not only reduces inflammation in sickle mice, but is also associated with reduced HIF-1␣ expression.
We have previously shown that, in BERK mice, NO depletion by oxygen radicals, cell-free plasma hemoglobin, and arginine (substrate) deficiency is compensated by upregulation of non-NO vasodilators such as COX-2 that produces PGE 2 and HO-1 that produces carbon monoxide (CO) (36) . In this study, we show that HIF-1␣ activation in BERK mice is associated with HO-1 induction. As mentioned in the introduction, HO-1 is a target molecule of HIF-1␣ and is also induced by hemolysis and oxidative stress (43) . HO-1 catalyzes degradation of heme to biliverdin/bilirubin and CO, and exerts a vasodilatory effect via generation of CO (43) . One potential mechanism for the induction of HO-1 in response to oxidative stress may involve activation of the redox-sensitive transcription factor, NF-E2-regulated factor 2 (Nrf2) that binds antioxidant response element (ARE) of HO-1 gene (and other antioxidant genes) and initiates transcription of HO-1 (1, 5, 57) . Nrf2/ARE pathway and its relationship with HIF-1␣ need to be explored in the context of oxidative stress and its amelioration in sickle cell disease.
Together with COX-2, HO-1 expression will contribute to the pronounced vasodilation, increased volumetric blood flow (Q), and low mean arterial pressure (MAP) in normoxic BERK mice. These hemodynamic adaptations (i.e., vasodilation and increased Q) are likely a compensatory response to provide adequate oxygen delivery in BERK mice, which is consistent with the observed normal arterial hemoglobin oxygen saturation (%SpO 2 ) levels in these mice even at a low hematocrit level (see Table 1 ). Furthermore, consistent with the reduction in HIF-1␣ and HO-1 expression in BERK mice with an increase in %HbF, we find a progressive decrease in arteriolar diameters and volumetric flow, and an increase in MAP (see Figs. 6 and 7) . The present studies also show that, in BERK mice expressing HbF, the observed decreases in arteriolar diameters and flow are associated with increased hematocrit levels, which would maintain normal arterial %SpO 2 levels during steady state (Table 1) . However, we cannot rule out the possibility that markedly reduced intravascular sickling in BERK␥H mice would also reduce HIF-1␣ activation by minimizing sickling-induced localized hypoxic episodes.
It is noteworthy that, in BERK mice, NO depletion coupled with pronounced vasodilation is also implicated in impaired vasoreactivity to NO-mediated vasodilators such as acetylcholine and sodium nitroprusside (35, 36) . In contrast, BERK mice expressing HbF or treated with arginine show increased NO bioavailability and reduced non-NO vasodilators (i.e., COX-2/ PGE2 and HO-1), resulting in enhanced vasoreactivity to NO-mediated vasodilators (35, 36) . These studies reinforce the notion that NO bioavailability influences vascular tone and reactivity in these mice.
The role of NO is further supported by arginine experiments in BERK mice. Arginine not only reduces HIF-1␣ and VEGF expression as shown in this study, but also reduces COX-2 and HO-1 expression and improves hemodynamic parameters as shown previously (36) . Also, we have previously shown that arginine supplementation of BERK mice, which are arginine deficient (36) , results in Ͼ2-fold increase in plasma NOx levels accompanied by a distinct reduction in oxidative stress and inflammation (13, 36) . Future studies are warranted to examine tetrabiohydrobiopterin (BH 4 ) deficiency in BERK mice and its contribution to NO bioavailability.
Although many previous studies have examined the role of NO in the regulation of HIF-1␣ expression using different lines of cells under culture conditions, no previous study has addressed the role of NO in HIF-1␣ regulation in vivo under inflammatory conditions that characterize SCD. The present in vivo studies show that reduced inflammation and increased NO production in normoxic BERK mice expressing HbF are distinctly associated with suppression of HIF-1␣ activation and inhibition of vasodilators, resulting in improved microvascular and hemodynamic parameters in the BERK model of sickle cell disease. Future studies will be required to further explore the role of HIF-1 and its target molecules in the pathophysiology of SCD. The unique feature of inflammation in SCD is that it can be ameliorated by increased HbF, thereby coupling HbS polymerization/sickling to NO depletion, HIF-1␣ expression, and inflammation in this disease.
GRANTS
This study was supported by National Heart, Lung, and Blood Institute Grants HL-074007 (to D. K. Kaul) and HL-092183 (to M. E. Fabry) and American Heart Association Grant-in-Aid 11GRNT5750019 (to D. K. Kaul).
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). 
AUTHOR CONTRIBUTIONS
